Takayoshi Nakai, DE ‡ Yoshito Shiraishi, MD* Takasumi Katoh, MD* Shigehito Sato, MD* BACKGROUND: Advancing a tracheal tube into the bronchus produces unilateral breath sounds. We created a Visual Stethoscope that allows real-time fast Fourier transformation of the sound signal and 3-dimensional (frequency-amplitudetime) color rendering of the results on a personal computer with simultaneous processing of 2 individual sound signals. The aim of this study was to evaluate whether the Visual Stethoscope can detect bronchial intubation in comparison with auscultation. METHODS: After induction of general anesthesia, the trachea was intubated with a tracheal tube. The distance from the incisors to the carina was measured using a fiberoptic bronchoscope. While the anesthesiologist advanced the tracheal tube from the trachea to the bronchus, another anesthesiologist auscultated breath sounds to detect changes of the breath sounds and/or disappearance of bilateral breath sounds for every 1 cm that the tracheal tube was advanced. Two precordial stethoscopes placed at the left and right sides of the chest were used to record breath sounds simultaneously. Subsequently, at a later date, we randomly entered the recorded breath sounds into the Visual Stethoscope. The same anesthesiologist observed the visualized breath sounds on the personal computer screen processed by the Visual Stethoscope to examine changes of breath sounds and/or disappearance of bilateral breath sound. We compared the decision made based on auscultation with that made based on the results of the visualized breath sounds using the Visual Stethoscope. RESULTS: Thirty patients were enrolled in the study. When irregular breath sounds were auscultated, the tip of the tracheal tube was located at 0.6 Ϯ 1.2 cm on the bronchial side of the carina. Using the Visual Stethoscope, when there were any changes of the shape of the visualized breath sound, the tube was located at 0.4 Ϯ 0.8 cm on the tracheal side of the carina (P Ͻ 0.01). When unilateral breath sounds were auscultated, the tube was located at 2.6 Ϯ 1.2 cm on the bronchial side of the carina. The tube was also located at 2.3 Ϯ 1.0 cm on the bronchial side of the carina when a unilateral shape of visualized breath sounds was obtained using the Visual Stethoscope (not significant). CONCLUSIONS: During advancement of the tracheal tube, alterations of the shape of the visualized breath sounds using the Visual Stethoscope appeared before the changes of the breath sounds were detected by auscultation. Bilateral breath sounds disappeared when the tip of the tracheal tube was advanced beyond the carina in both groups. It is a great concern for anesthesiologists to detect malposition of the tracheal tube during general anesthesia. To avoid bronchial intubation, the tip of the tracheal tube must be placed at the tracheal side of the carina, but the position of the tip of the tracheal tube can easily vary by various procedures that are performed during the operation. The position of the tracheal tube tip can move downward by flexion and upward by extension and lateral movement of the neck. 1 Advancing the tracheal tube into the right main bronchus causes bronchial intubation and may lead to serious complications, such as atelectasis, hypoxemia, 2 and pneumothorax. 3 The recommended method to detect bronchial intubation is auscultation of bilateral breath sounds. 4 In particular, bilateral breath sounds are widely used to confirm tracheal tube position in the operating room. However, it has been revealed that 60% of bronchial intubations occurred despite the presence of equal bilateral breath sounds on auscultation. 5 Auscultation causes other problems; for instance, it cannot be performed by more than 1 anesthesiologist at the same time, and it cannot be recorded. We created a system (Visual Stethoscope) that makes it possible to visualize breath sounds. The Visual Stethoscope allows real-time fast Fourier transformation of the sound signal and 3-dimensional (frequencyamplitude-time) color rendering of the results on a personal computer with simultaneous processing of 2 individual sound signals. 6 The aim of this study was to evaluate whether the Visual Stethoscope is a better way to detect bronchial intubation than auscultation of breath sounds.
METHODS
The study protocol was approved by the IRB of Hamamatsu University School of Medicine, and written informed consent was obtained from each patient. Thirty patients (ASA physical status I-II, aged 20 -80 yr, and body mass index Ͻ30) scheduled for elective surgery under general anesthesia requiring tracheal intubation were enrolled in this study. Patients were excluded if they had a history of pulmonary disease or if they had malformations of the trachea, bronchus, or lung on chest radiographs. Patients who were predicted to have a "difficult airway" were excluded.
Anesthetic management was standardized. No premedication was administered before the patients arrived at the operating room. For each patient, an electrocardiogram was obtained, and end-tidal carbon dioxide, oxygen saturation by pulse oximetry, and noninvasive arterial blood pressure were measured. After breathing 100% oxygen via a facemask, anesthesia was induced with atropine (0 -0.5 mg IV), fentanyl (1-2 g/kg IV), and propofol (1-2 mg/kg IV). Neuromuscular block was provided by rocuronium (0.6 -0.8 mg/kg IV), and assisted ventilation of the lung was established with 100% oxygen and 1% sevoflurane via a facemask. The adequacy of neuromuscular block (train-of-four stimulation 0/4) was confirmed with a peripheral nerve simulator. The trachea was intubated with a reinforced tracheal tube without the Murphy eye under direct laryngoscopy (Safety-Flex TM 7.5-mm internal diameter, Mallinckrodt Medical, Athlone, Ireland). The tracheal tube was advanced with the beveled face oriented to the left. After the proximal edge of the cuff of the tracheal tube was located on the vocal cord, the tracheal tube was advanced another 2 cm. The cuff of the tracheal tube was inflated with air until the internal pressure of the cuff was 20 cm H 2 O. A cuff pressure gauge (MONITOR, VBM Medizintechnik, Sulz, Germany) was used to measure the internal pressure of the tracheal tube cuff. Tracheal intubation was confirmed by the appearance of the carbon dioxide waveform on a capnogram.
After tracheal intubation, the patient's head was placed in a neutral position using a 5-cm height donut-shaped pillow. Suction was applied to the trachea and the oral cavity to aspirate sputum and saliva. A fiberoptic bronchoscope was then inserted through the tracheal tube. Both the bronchoscope and the tracheal tube with the cuff deflated were advanced gently. When it was confirmed by the bronchoscope that the tip of the tracheal tube had reached the carina, the distance from the incisors to the carina was measured using the marks indicated on the tracheal tube. After the bronchoscope was removed, the tracheal tube was withdrawn to the previous position, and the cuff of the tracheal tube was inflated. One anesthesiologist (AS) performed the anesthesia induction and made the measurements.
Breath Sound Recording and Auscultations
After measuring of the distance from the incisors to the carina using a bronchoscope, mechanical ventilation was started (Aestiva 3000 or Aestiva/5, Datex-Ohmeda, Madison, WI). The settings of the ventilator were as follows: pressure-controlled ventilation; inspiratory airway pressure, 20 cm H 2 O; respiratory rate, 10/min; inspiratory-to-expiratory ratio, 1:2; and no positive end-expiratory pressure. Anesthesia was maintained with 1% sevoflurane in oxygen. Two precordial stethoscopes (22094-S, Kimura Medical Instrument, Tokyo, Japan) were used to obtain breath sounds on the left and right sides. A stethoscope connected to a microphone (AT805F, Audio-Technica, Tokyo, Japan) was placed at the midpoint between the nipple and the midclavicle using double-sided adhesive tape. More than 6 inspiratory and expiratory breath sounds were recorded using a 2-channel Mini-Disk recorder (MDS-PC3, Sony, Tokyo, Japan) to visualize the breath sounds using the Visual Stethoscope. Subsequent to the recording, another anesthesiologist (HK), who did not know the position of the tracheal tube, auscultated the bilateral breath sound in the midaxillary line at the level of the fourth intercostal space using a stethoscope (Littmann Cardiology III, 3M, St. Paul, MN). After listening to 3 breath sounds on the right side of the lung and another 3 on the left side, the anesthesiologist was asked to decide if the breath sounds were normal bilateral breath sounds, irregular breath sounds (rough, bubbling, wheezing, or bronchial), or unilateral sounds. When irregular breath sounds or unilateral breath sounds were auscultated, the distance from the incisors to the tip of the tracheal tube was recorded. The tracheal tube was then advanced 1 cm, and the recording and auscultation of the breath sounds were performed again. The tracheal tube cuff was deflated during the advancing of the tracheal tube and was inflated during the recording and auscultation. This procedure was terminated when the tracheal tube reached a position 2 cm from the position where the anesthesiologist auscultated a unilateral breath sound. A partition was placed at the patient's neck to blind the anesthesiologist (HK) to the position of the tracheal tube.
Visualization of Breath Sounds
We assembled a Visual Stethoscope for the analysis and visualization of breath sounds. The Visual Stethoscope made a real-time fast Fourier transform of the sound signals and displayed a 3-dimensional (frequency-amplitude-time) color rendering of the results on a personal computer (2672, IBM, Armonk, NY), with simultaneous processing of 2 individual sound signals. The analysis and visualization software was developed by the Shizuoka University Graduate School of Electronic Science and Technology (Hamamatsu, Japan). 6 After completion of the recording, the breath sounds from a given patient were analyzed sequentially by the Visual Stethoscope at a later date and in another location in the order they were recorded. Analysis of the data from each of the 30 patients was performed in a random order. The recorded sounds for each of the 30 patients were sequentially analyzed in the same order as the auscultation. Computer-generated random numbers were used for randomization. The same anesthesiologist who performed auscultation of the breath sounds (HK) observed the visualized breath sounds that were processed by the Visual Stethoscope on the personal computer screen to determine whether there were any changes of the shape of the visualized breath sound compared with the shape of the visualized breath sound at the previous tracheal tube position, and whether the visualized breath sounds were unilateral in shape. When a change in the shape was observed, the distance from the incisors to the tip of the tracheal tube was recorded. We compared the decision based on auscultation with that based on the use of the Visual Stethoscope. For comparison, we calculated the distance from the carina to the tip of the tracheal tube.
Statistical Analysis
Our goal was to detect a difference of 1 cm of the tracheal tube position between the finding of auscultation of the breath sounds and visualization of the breath sounds with reference to the sd (1.64 cm) of our preliminary study. A sample size calculation based on an ␣ value of 0.05 and a ␤ value of 0.2 gave an estimated required sample size of 25 patients; 30 patients were actually included in the study to compensate for patients who might not complete the study. We determined sample size using StatMate (2.00 for Windows, GraphPad Software, San Diego, CA). Data were compared using a paired Student's t-test. A P value Ͻ0.05 was considered statistically significant. Results are presented as the mean Ϯ sd. Data were analyzed with Prism (4.03 for Windows, GraphPad Software).
RESULTS
Thirty patients (23 men and 7 women; mean age 56 yr, range 27-79 yr; mean body weight 61 Ϯ 14 kg [mean Ϯ sd]; mean body height 163 Ϯ 9 cm; and ASA physical status I-II) were enrolled in this study. No patients were excluded from analysis. Bronchoscopy showed that the distance from the incisors to the carina was 24 Ϯ 1.4 cm. The relationships between the breath sounds and the tracheal tube position in both groups are shown in the Table 1 and Figures 1 and 2 . When irregular breath sounds were auscultated, the tip of the tracheal tube was located at 0.6 Ϯ 1.2 cm on the bronchial side from the carina. When there was a detectable change of the shape of visualized breath sound compared with the shape of visualized breath sound in the previous tracheal tube position, the tip of the tracheal tube was located at 0.4 Ϯ 0.8 cm on the tracheal side from the carina. The mean of differences between each set of pairs was 1.0 Ϯ 1.1 cm (P Ͻ 0.01). When unilateral breath sounds were auscultated, the tip of the tracheal tube was located at 2.6 Ϯ 1.2 cm on the bronchial side from the carina. The tip of the tracheal tube was also located at 2.3 Ϯ 1.0 cm on the bronchial side from the carina when a unilateral shape of the visualized breath sound was observed using the Visual Stethoscope. The mean of the differences between each set of pairs was 0.3 Ϯ 0.7 cm (not significant). In all cases, left-sided breath sounds disappeared and bronchoscopy showed that the tip of the tracheal tube was located in the right bronchus. Typical images processed by the Visual Stethoscope are shown in the figures. Bilateral breath sounds are shown in Figure 3 . In Figure 4 , the shape of the visualized breath sounds was changed. In 15 of 30 patients, an expiratory breath sound was observed using the Visual Stethoscope when there was a change of the shape of the visualized breath sound compared with the shape of the visualized breath sound in the previous tracheal tube position (Fig. 5 ). The visualized breath sound disappeared as shown on the left side of Figure 6 .
DISCUSSION
The Visual Stethoscope displayed bilateral breath sounds in a manner that helped clinicians rapidly see changes in shape of visualized breath sounds as the Data are shown as the number of observations. Positive and negative integers of the tracheal tube position indicate that the tip of the tracheal tube was located at the bronchial side versus the tracheal side of the carina, respectively.
tracheal tube was advanced from the trachea to the bronchus. The changes in the shape of the visualized breath sounds were seen before clinicians heard changes in the breath sounds by auscultation. Unilateral breath sounds were detected visually during tube advancement even after the tip of the tracheal tube moved to the bronchial side of the carina. Unilateral breath sounds were also detected by auscultation after the tip of the tracheal tube moved to the bronchial side of the carina. Schwartz 7 emphasized the importance of bilateral breath sounds to detect intraoperative complications, such as bronchial intubation and obstructed airway, and recommended continuous auscultation using a precordial stethoscope. However, in clinical situations, it may be difficult for anesthesiologists to simultaneously auscultate bilateral breath sounds. The Visual Stethoscope is able to display continuous bilateral breath sounds, hence anesthesiologists would be able to monitor left and right breath sounds at the same time and rapidly detect changes in these breath sounds. In addition, because the visualized breath sounds are shown on the personal computer screen, more than 1 anesthesiologist can monitor the breath sounds simultaneously. Accordingly, the Visual Stethoscope may have potential advantages in assessing breath sounds in real time throughout a surgical procedure, not just to verify tube placement.
Chest auscultation has been widely used for determining the proper position of the tracheal tube during tracheal intubation. 5 Whereas in a previous study unilateral breath sounds disappeared when the tip of the tracheal tube was advanced up to 3.2 Ϯ 0.3 cm beyond the carina, 8 in our study, unilateral breath sounds were also heard when the tip of the tracheal tube was located at the bronchus. These findings indicated that it was difficult to diagnose bronchial intubation before the tip of the tracheal tube was advanced into the bronchus by auscultation. By using the Visual Stethoscope, unilateral breath sounds were also displayed after the tip of the tracheal tube was advanced beyond the carina.
In a previous study, breath sounds detected by auscultation did not change until the tip of the tube entered approximately 1.5 cm into the right mainstem bronchus. 8 When the tip of the tracheal tube was advanced into the bronchus, the space between the tracheal tube and the bronchus decreased. The authors hypothesized that the air flow was affected by the narrow space between the tube and the bronchus, and the breath sounds made by the air flow changed. 8 In our study, auscultation also detected changes of the breath sounds when the tracheal tube tip was approximately 0.6 cm on the bronchial side of the carina. However, using the Visual Stethoscope, alteration of the shape of the visualized breath sounds appeared when the tip of the tracheal tube was located approximately 0.4 cm on the tracheal side of the carina. We hypothesized that when the tip of the tracheal tube was close to the carina and the space between the tip and the carina was narrow, breath sounds made by the air flow through the space were changed slightly. Because the Visual Stethoscope amplified the sound signal via a microphone and showed the distribution of the sound frequency over time, we were able to detect the change of the breath sound. In many cases, expiratory breath sounds were detected using the Visual Stethoscope when the tip of the tracheal tube was close to the carina. These expiratory breath sounds were not detected by auscultation. Lowamplitude breath sounds made by the expiratory air flow through the space between the tip of the tracheal tube and the carina may be amplified and visualized by the Visual Stethoscope. Conrardy et al. 1 found that the tracheal tube moved downward a mean distance of 1.9 cm during neck flexion from a neutral position. Because the head position changes occasionally during surgery, continuous monitoring was needed for anesthesiologists to detect tracheal tube advancement to the bronchus. We may be able to use the Visual Stethoscope to detect advancement of the tracheal tube into the bronchus before the tip of the tracheal tube contacts the carina.
O'Connor et al. 9 used an electronic stethoscope to detect misplacement of the tracheal tube. In their preliminary study, the acoustic energy in the left and right breath sounds was calculated, and the energy ratio between stethoscope pairs was calculated after filtering out specific acoustic frequencies. When the filtered breath sounds were used, the computer could properly identify 100% of the tracheal tubes positioned in the bronchi. By contrast, the Visual Stethoscope displayed the frequency distribution of the breath sounds, and an anesthesiologist was able to visually compare the characteristics of the breath sounds. Using this information, an anesthesiologist was able to notice the change of the breath sounds. Both of these methods are based on a similar concept, because frequency distribution is important to interpret the breath sound in the clinical setting.
Our study has several limitations. This study was performed in a relatively quiet operating room environment. The frequency band of the breath sound was located between 100 and 500 Hz. 6 Our preliminary study showed that part of the ambient noise of the operating room was located in the same frequency band. The effect of ambient noise on the breath sounds display remains to be determined. The addition of an ambient microphone to cancel out the noise may be useful to eliminate ambient noise in clinical situations. The study design has another limitation. The anesthesiologist who made a decision using auscultation was with the patient in the operating room, so additional information such as movement of the patient's chest wall may have been present. However, the anesthesiologist who made a decision using the Visual Stethoscope was not in the operating room and was not with the patient. This disparity may confound the results. In the previous study, breath sounds were auscultated in the midaxillary line at the level of the fourth intercostal space bilaterally to assess the position of the tracheal tube during tracheal intubation. 5 In this study, breath sounds were auscultated by the anesthesiologist in this area. However, for the Visual Stethoscope examination, a precordial stethoscope was placed midpoint between the nipple and the midclavicle. This difference may have affected the results because the distance between the left midaxillary line and the right midaxillary line where the anesthesiologist auscultated the breath sounds is different from the distance between a left precordial stethoscope and a right precordial stethoscope for the Visual Stethoscope. Breath sounds were assessed only in nonobese patients without lung disease. Results in obese patients or in patients with lung disease may differ from our results because obtaining breath sounds may be difficult and/or the reliability of acquired breath sounds may be inadequate for analysis. Another limitation was ventilator settings. We studied only pressure control ventilation, so our results might not be applicable to volume control ventilation because the air flow pattern may differ.
In summary, data from this study in nonobese patients without lung pathology suggest that the Visual Stethoscope provides continuous and bilateral monitoring of breath sounds. During advancement of the tracheal tube, the alteration of the shape of the visualized breath sounds using the Visual Stethoscope appeared before the change of the breath sounds was detected by auscultation. Unilateral breath sounds appeared when the tip of the tracheal tube was advanced beyond the carina by both auscultation and the Visual Stethoscope techniques. Further evaluation of the Visual Stethoscope is needed in a variety of pathologic conditions and with different ambient conditions. 
